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turbulent flow on 


AIRFOILS OF VARIED CHORD, CYLINDERS, AND OTHER FLOW OBSTRUCTIONS 


by W, A, Olsen 

National Aeronautics and Space AUministration 
Lewis Research Center 
Cleveland, Ohio 44135 


ABSTRACT 

Noise spectra were measured in three dimensions for several surfaces 
immersed in turbulent flow from a jet and over a range of flow -conditions. 
The data are free field and were corrected to remove the small contribu- 
tions of jet noise, atmospheric attenuation and feedback tones. These 
broadband data were conqpared with the results of available theories which 
are only strictly applicable to simple geometries over a limited range of 
conditions. The available theories proved to be accurate over the range 
of flow, chord length, thickness, angle of attack, and swface geometries 
defined by the experiments. These results apply to the noise generated by 
fixed surfaces in engine pewsages, the lifting surfaces of aircraft and 
also to fan noise. 


INTRODUCTION 

The primary objective of the work reported herein was to obtain data 
for the broadband noise generated by the impingement of an airstream upon 
fixed airfoils of small to "infinite” chord, and cylinders of varied size 
and shape. The second objective was to compare these data with the results 
from available analyses. These resvilts can be related to the noise gener- 
ated by fixed flow obstructions in engine flow passages, fan and compressor 
noise, and also to the noise generated by the lift augmentation surfaces of 
STOL aircraft. 

Basic theories for the noise emission from surfaces in a turbulent 
airstream exist for only a few very simple surface geometries (see fig. 1). 
These are described in reference 1, which contains a systematic discussion 
of these theories. The shape of radiation pattern of the overall sound 
pressure level is predicted in reference 1, but equations to predict the 
complete noise emission (spectra, radiation pattern, and absolute level) 
are only given for the chord airfoil. These theories only apply to 

a limited range of parameters and geometrical variations. For example, 
the theory for the small airfoil requires that the chord and thickness of 
the airfoil be smOlli The ccanparisons in this paper between the theoreti- 
cal results and the data for airfoils of veu*ied chord and thickness will 
help quantify what small means j and any shortcomings of the theories de- 
scribed in reference 1 will also be shown. 
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In ord^r to eomparo the data with theoretical predictions the assump- 
tions required by the theory must bo adequately oatlofied. Many proviouo 
experiments had- strong feedback tones (o.g. refs. 8, 2, and 4) which- make 
It difficult to extract the broadband spectra. In other experiments the 
test surface was in a duct (e.g. , ref..S), which strongly affected the 
shape of the radiation pattern and spectra. In many exporiments, including 
the one reported herein, the obstruction was immersed in a- finite turbulent 
Jet. A large free -Jet wind tunnel with screens can give a large region of 
uniform flow but at the price of more Jet noise contamination, which would 
restrict the frequency and velocity range of the uneentaminated data (e.g. , 
ref.. 6). In addition the spatial range of the data would be restricted. 
Another problem with many e;iperiments is that the range of gdcmietries and 
parameters covered were limited. 

The- surfaces tested and discussed herein are airfoils of small (1.0 cm 
chord) to “Inflnltfr'* chord and of varied thickness and #hape». and also cyl- 
inders of varied size and cross- sectional shape. These were immersed in 
the turbulent airstream of a nozzle. The complete three dimensional noise 
emission X'ruu these geometries was measxired over a large range of flow 
conditions. The data were not adversely affected by the experimental prob- 
lems previously mentioned. These data were compared to the results of the 
available basic theories in order to determine the validity and limitations 
of applying the available theories. 


DISCUSSION OF AVAILABLE-XEHEORI 

Consider turbulent flow over a stationary surface in an otherwise 
infinite uniform medium at rest. '.Noise at far field position 15 from a 
source in the turbulent flow at j5, is proportional to the rms of the den- 
sity pertxirbation. The density pertvirbation is given by equation (1), 
which was derived in reference 1 by the acoustic analogy approach of 
LighthiU. 


p».<x,t> a -L 

‘0 

Volume sources Surface sources 

(quadrupole) (dipole) 

The notation follows that of reference 1, where 

Q Green* s function for geometry 

f^ force of surface on fluid 

Tj^^ LighthiU* B stress tensor 


;^2ri 


( 1 ) 
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Eavuition (1) le tho ubartlnB pplnt for tho theorlce dcccrlbinf.'; th$ 
fllmplo surfaoeB on figwo 1. Tho tormo G, and 'f’lj 
be known a vTiovi fi*om OKporiiuontaX moaowement or cuioXytical mooQling* 

For .jot nolBo, the ouri'aoo e->uroo torro is noelecbod, the free space 
Groon's flmction Is used, and the stress tensor, is approximated 

wiolytically. The noise aeneratod by flow over a surface is more compJ-oj 
than Jet noise in that both terms of equation (1) must bo consi^rod. In 
tho following sections, available theory for specific surfaces is (Uscussed. 

gmnii nhnrd airfoil . - Equation (1) is evaluated in reference 1 to 
determine the sound emission from a thin airfoil of small chord immersed in 
a finite turbulent flow (e.g. a Jet). The free space Green's potion is 
used, and one broadband noise source is assumed. This source is due to the 
random forces acting on the airfoil, which are caused by ti^bulent flw 
over the rigidly mounted stationary airfoil. If the airfoil is not rigid 
and stationary (non-moving with respect to the observer/ there would be 
additional terms to consider. Quadrupole noise sources in the wake of the 
airfoil are assumed to be negligible. Pure tones are not indued. 

The airfoil chord is assumed to be small relative to the eddy size. 

This insures that the source is compact so that changes in retarded time 
nan be neglected fo). all sound emission angles. The small chord assump- 
tion also insures that the mean flow and turbulence doesn^t change as it 
flows past the airfoil. Linearity and a small spanwise correlation size 
ueiTnit the span of the airfoil to be broken down into a n\nnber of strip 
segments to account for three dimensional turbulence gusts. Any sp^ise 
variations in the incident turbulence and velocity can be handled similar^. 

Goldstein and Atasi (ref. 7) showed that this analysis applied o^y Jo 
a very thin airfoil. A finite thickness (or a finite angle of attack) will 
introduce changes in the mean flow that will change the spectra at hi^ 
frequency. Only the fluctuating lift forces are included, which re s^t 
from the transverse txxrbulence component. Any noise due to fluctxiating 

drag forces is neglected. , m,. .» 

Assunrotions about the turbulence and flow are also made. The mean 
flow and transverse turbulence are assumed to be uniform along the span. 

The turb'ulence is assumed to be isotropic. The turbulence spectrum is 
also assumed to be adequately modeled by relationships given in reference 1. 
Finally, refraction, scattering and reflection, and shielding of the sound 
bv any surrounding surfaces are also neglected. 

After a lengthy derivation (see ref. 1), using the previous assumptions, 
an equation results which describes the three dimensional broadband sound 
emission. This relationship accounts for the effect of three dimension^ 
turbulence gusts and compressibility. By limiting our interest herein to 
the sound field In the plane perpendicirlar to the airfoil (cp = 0 ) the 
equation is greatly simplified. This simplification results in eqmtion (2), 
which describes the spectral intensity, 1^, at (p = 0 as a function of 
the polar angle, 0^ 


I(n<^i»<P * 0°) 


/.\2 ^ sin^e^oj 
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The quantity Sg<ai,Mo) is the two dimensional coroprflBSlble recponse 
function which l» given one of two functions that aro described in ref- 
erence 1. The function used depends on the value of the frequency param- 
eter, %, which is given by 


When % ^ 1» the coo®ressible response function is described by Fresnel 
integrals^ ^en % < 1, Bessel functions are used. For small values of 
fjj the simple incompressible response function (l.e^_Bears-£unction) 
would also be applicable. 

Equation (8) is converted to the 1/3 octave band sound pressure level, 
SHj, by accounting for the bandwidth and using an integrated value of 
over ea<^ 1/3 octave band, The frequency will henceforth be the center 
frequency of the 1/3 octave bnads. The 1/3 octave band BEL can then be 
written as; 

Sa . IX) 10610^ (4) 

K Substitution of equation (2) into (4) results in the basic equation used in 

this repoxt as follows^ 



Equation (5) can be broken down into three factors. The first factor, 
F-i , describes the amplitude of the sound at 6* = 90° in terms of the 
ambient temperature (Tq), span (b), chord (c), velocity (7^) and turbulence 
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intonoity. Tbo oQoond factor, f’g* doocribop tho chupo of tho mdiatlon 
pattern at cp a 0°. 

Tho ohapo of tbo cpoatrum 1 b doocribod by tho third factor F«, The 
amplitude of tho Bound io only Bllcshtly affactod by It io a function 

ofs tho atrouhal number bacod on tho chord longtl* (fc/V^ a a^/ir), a Mach 
number (Mq a Vj/Co), and tho tranovoreo tvu’bulonco scolo longth-to-chord 
ratio (a« ® w/c). Monauromcinto by Laurence (rof, b) indicate that changes 
in tbo local^l^an velocity, Vi, do not cauoo either the local turbulence 
intensity, \^Ai> length, ly, to change noticeably . Therefore 

equation (5) indicates that the spectral chape is tho some for each veloc- 
ity (i.e. can be normalized by the Strouiial no.) except for the effect of 
compressibility at high frequency through tho Mq « V^/Cq term. The 
intensity of the soimd at a given angle 0^ should therefore vary with 
velocity according to V§. 

The polar angle, 0^, only affects the level of the sound, through 
the radiation pattern term, sin2 e^. Therefore the spectral shape is in- 
dependent of ©i. 

Equation (S) has no parameters describing the effect of the thickness 
or angle of attack of the airfoil. This means the experimentally measured 
sound emission, from airfoils of small but finite thickness, angle of 
attack and chord should not change over a range of these parameters, 
provided they are small enough for the theory to apply. 

Eqmtion (5) can also be used to closely predict the axisymmetric 
noise emission caused by a uniform turbulent flow passing over a small 
ring airfoil. Consider an airfoil (fig. 2(a)) that is rolled to fom a 
hoop and located in the center of the mixing region of the jet (hoop 
diameter « nozzle diameter, d^) . According to reference 9, the span, b, 
in eqmtion (5) should be replaced by half the circumference of the ring 
(b » TT dji/2 for the ring airfoil configuration shown as fig. 2(a)). 

The flow impinging upon the straight airfoil described on figure 2(a) 
is not uniform as assumed *'v the theory. The theory indicates that the 
shape of the radiation pal^ >n would not be affected by non-uniform flow. 
Calculations indicate that the relative level and the shape of the spectra 
would not be noticeably affected. However, the absolute level of the 
noise is affected, primarily through the tiirbulence intensity and mean 
velocity terms in Fi_, As a consequence, the ring airfoil will be used 
to experimentally determine the absolute level of the noise. 

Large chord airfoils . - With large chord airfoils and/or at high 
frequency or high Mach numbers, the quantity % « irfc/cQ (1 - ^^)*^ 
becomes large. When fM > 1 the time for an acoustic disturbance to 
traverse th^' chohd of the“airfoil becomes too long, compared to the period 
of oscillation, for the process to be considered to be incampressible. 
Therefore the incompressible response (Sears) function should completely 
fail to predict the sound from large chord airfoils, especially at high 
frequency. In such a flow, the fluctuating lift noise source should move 
toward the leading edge as fj^ increases. In other words, the trailing 
edge region of a very long chord airfoil should contribute very little to 
the noise emission at high frequency. In fact, at high frequency the 
fluctuating lift acting on on infinite chord airfoil should be the some 
as for a RtnaiJ. chord airfoil. Therefore the high frequency part of the 
spectra for airfoils ol' different chord lengths should be about the same. 
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For large chord alrfollo ohordwloo varlationo in retarded tlinc are 
not negllgibio, therefore oinall chord theory (oamtion (6)) dooo not apply 
to oil angloo. However, bocause the noiao omloalon at » 90® io not 
affected by varlationo in rotalfdod tlno, equation (5) ahould bo able to 
predict the apectra at « 90° for airfolla of any chord, 

Tho ahapo of the radiation pattern ia predicted from another applic- 
able theoretical development, dcacribed. in reference 1 by sin* (9i/2), 
providing the source region ia very close to the leading edge cwnpared to 
the wavelength of the sound. Therefore this latter radiation pattern 
would tend to be more accurate at high frequency. Equation (S) also in- 
dicates that the sound Intensity should change as V| for a large chord 
airfoil at 9^ *» 90®, The reason for this is that for large chord values 
the |Sc(oi, Mo>|^ term becomes proportional to 1/V^. 

For large values of fw two additional characteristics may^^puear,. 
First, the quadnQ)ole term C®9.» longer be negligible. Therefore at 

angles close to the jet we may see higher velocity power laws at high 
frequency. Also, the noise sources may become less compact, 

Cvlinders. - The noise from very small cylinders, which produce 
tones (aeolian tones), is also described in reference 1. For small cylin- 
ders (i.e. low Reynolds numbers) there is a periodic shedding of vortices 
which causes a fluctuating lift force on the cylinder. This generates a 
tone of the same frequency. According to experiments, by JhiUips (ref, 10), 
for Reynolds numbers of up to 200, the ^trouhal number of the tone is 0.18. 
Turbulence measurements (ref. 11) Indicate that this periodic eddy shedding 
of vortices persists up to a Reynolds number of about 10^. At higher 
Reynolds numbers the wake becomes turb\ilent. This would result in random 
flucttiating forces and broadband noise. Theory indicates the radiation 
pattern should be sin“ 0i for all cases. 

For thick bodies such as cylinders there is also the possibility of • 
source non-compactness, thickness effects or a fluctuating drag force noise. 
But for thin bodies such as airfoils these effects should be negiligible 
compasred to the noise caused by fluctuating lift forces. These effects 
would tend to become apparent in experimental data as cp -♦ 90® because 
fluctuating lift noise goes t6 zero. 


APPARATUS 

Test riff. - Two similar test rigs of different size were used to ob- 
tain thfe noise data in this paper. Each system conceptually looked like 
the 1 rig shown in figure 3, The small rig consisted of the following 
(proceeding downstream): a 10 cm flow control valve j a valve noise quiet- 

ing section^ a long strai^t run of 10 cm pipe; and finally a 7.6 cm di- 
ameter perforated plate nozzle (4 cm equivalent diameter). The first 
valve noise quieting element was a perforated plAte. Downstream of that 
was a large volume no-line -of -sight tauffler. The larger rig used larger 
but similar flow hardware and a 10 cm circular nozzle. None of the nozzle 
jet noise data reported herein were affected by internal valve noise, 
either through the nozzle exit or by direct radiation through the pipe. 
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Tho nossRlos uood aro nhuwu on fl/wro ", 'i'hone awan/'ornfuitn and oub" 
oonlc flown woro nnod ;ln oydor to avoid foodbacK tonon. An v/llX bo nhown, 
woak. foGdbaok tonon ntm affoctod a, fow 1/3 oot.avo buudn of noioo of tho 
hlKh voloolty data takon with tho clroular no 7 , 5 ’.lo. only a nmall aorrootlon 
wan noQdod to romovo thin contfyii.1 nation, Tho tont alrrollo woro rlp.ldly 
mounl'.ocl to tho nonsslo inloi. pipe. Tho twhiaiont a:irntronia from tho two 
typoo of noKselon (fig, fi) wan Implngod upon tho tont airfolio in froo opaco 
with no enelonlng duct, 

8\»rfgce goomotrioo teatod . - The (lurfaiioo teotod, uirfoli.r. and oylln- 
doro of varied and crons section, aro ohown on figure 4 an<l table 1, 
Most of the experiments involved straight span airi'ollo or cylinders where 
the impinging flow is non-uniform. Uniform impinging flow was achieved 
with a ring airfoil (fig, b). The airfoil chord length, thicknoss and 
angle of attack were varied. 

Acoustic instrumentation and data analysis . - The noise data wei*o 
measured outdoors with either of two types of semicircular microphone 
arrays that were centered on the nozzle exit. All of the results reported 
were corrected (less than 1 dB and 5°) to an effective center at the lead- 
ing edge of the airfoil. Condenser microphones (1.27 cm) with windscreens 
were xised. Each array had a microphone radius of about 50 nozzle diameters 
to assure that they were well into the far. field for jet noise. The data 
were taken either with a horizontal or vertical (shown in fig. 3) semi- 
circuleu* microphone array, with open cell acoustical foam on the ground. 
Either array resulted in free field noise data for frequencies above 
200 Hz. Background noise had an effect upon the data below about 400 Hz, 
but only when the low frequency sound level was low. 

The data were measured by 11 microphones on a semicircle of 3 or 4,6 
meter radius from 0j «* 20° to 1600, In all arrays, the polar angle 
s 0° corresponds to the nozzle inlet. The test surface was generally 
rotated at the flange about the nozzle centerline in order to vary the 
azimuth angle <p without changing the flow condition. At an azimuth 
an^e of qp ta o the test siirface is perpendicular to the microphone 
plane (e.g, vertical microphone array of fig. 3). At cp = 90° the test 
surface would be in the plane of the microphones. Measurements showed 
that the foam covered support was low enough so it did not affect the 
noise radiated at any azimuth angle reported. 

The frequency range of the data was 50 Hz to 20 kHz. The noise data 
were analyzed directly by an automated one -third-octave band spectrum 
analyzer j some data were also tape recorded for subsequent narrowband 
analysis. Both methods yielded sound pressure level spectra (SHj) ref- 
erenced to 2x10^ N/m^, The one -third-octave band SHL spectra reported 
were corrected (by ARP 866)^ for atmospheric attenuation (less than 2 dB 
at 20 kHz) so that the reported data arc lossless. The small contribution 
of buckgrovind noise was also removed. 

The jet noise, which was separately measured wHh the 8\Q>port in place, 
was also removed. Therefore the 1/3 octave data reported (SHjq) repre- 
sents the noise fiom the test s\irface alone. The SPL^ data reported re- 
quired no more than a 2 dB correction for jet noise { usually the correction 

^In this case this correction is numerically equivalent (within 
1/2 dB) to the corrections of the new proposed ANSI standard. 


6 


wan nearly ?.Qro. Thooo data point n whore thoj in dB above tho Jet 
noifl© are noted with a haoh marK» Thooo cpyrootod data worn ownmod opee- 
trally to produce tho overall oound pronoum lovol, OABHjpt Tho data 
iteaourod in a eivon m-plano wore oummod opatially to produce an offooUvo 
power opootrum. WLb. (boo ref. 12). The reported nro-rowband »^dtra blS 
wore not corrected for the omoll oontributlono of atmonphoric attenuation, 
background noioe or Jot noloo, 

ConBidorlnR tho microphone collbrationci, periodic ehooko on tho dota 
oyotem, and tho data averaging, it wan determined that each one -third-octavo 
band sound preBswe level was repeatable- fran day-to-duy to within about 
±1 dB. Jet noioe spectra moaourod with this focility are overall within 
1/2 dB of previously pvtbliohed ,)et noise data. 


RESULTS AMD DISCUSSION 
StnnJi Chord Airfoils 

Noise contovirs . - The total sound eraiBsion from a small chord airfoil 
Is shown in figure 5, The data token on a 4.6 m radius circle In the 
m ■ 0° azimuthal plane. This airfoil, which will be considered to be 
the nominal airfoil, had a 2.6 cm chord length and a thickness of 

0,32 om. It was iimnsrsed in the turbulent airstream of the Jet of the 
circular nozzle (see fig. 2(a)). Tue peak impingement velocity, V^p, 
was 94 m/seo. Figure 5 is an iso-noise contour plot made up of curves 
of constant sound pressure level, SELc. This figure is a useful intro- 
duction to the acoustic data for the small chord airfoil that is 6e 
shown on the -next several plots. From this plot it can be seen that the 
Ynav^wiim level occurs at around 2.5 kHz and near = 90°. The peak region 
is fairly flat with steep slopes at high and low frequency. The dashed 
line is the locus of spectrum peaks at each %. This curve shows that the 
frequency of the peak level is almost independent of For a fixed fre- 

quency the level falls off about f dB at ±60° from 90O. The contour shape 
for 0i < 90° Is approximately eiliptlcal and symmetrical about the peak ^ 
locus. The theory indicates that this shape should also occur at 0^ > 90 . 
The steeper drop off at 04 > 130° ‘ and high frequency is probably due to 
refraction of the airfoil noise by the Jet shear layer. The higher 
level at low frequency and 0 ^ > 130° is probably due to on additional 

noise source, . _ . . ... 

The complete noise emission data for each airfoil configuration will 
be broken down (as indicated by equation (5)) into the shape of the spectra, 
shape of the radiation pattern, and the amplitude. This breakdown permits 
a more accurate comparison of the theory with the data. These camporisons 
will help determine shortcomings in the theories, and determine the range 
of parameters and geometrical variations where a theory applies. 

Ra- diation nattem at several freouencies . - Bound pressure level data, 
SHiQ, at several constant frequencies are plotted as a function of polar 
angle on fitnire 6, The cxirves ore separated in level In order to avoid 
overlap. The theory (oq. (5)) indicates that the shape of the radiation 
pattern at all frequencies should be described by sin 0i. But refraction 
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ol' tho airJ.’oi3, nolno ojuinpian J3y th« Jot nhoar layor fi|»uuj,(j onurottno lIim 
lovol bolow nin^'' at 0^ and at hlp.b f):’Qtiuonoy, A roctuit thoory 

by doWntein (rofa, and X4) indioatoo that thorn may bo a madJ I'ioatlon 
of tho rndlntion pattorn at low ivoquorioy that rnnidl n la additional nuJ.iio 
at larpo d.|, 'I'ho purrono of thlo plot In to oujnparo i-lm iiKtamu-od nhapo 
of tho tU3-t(, pudiatlon pattorn to tho thoory, Au nuoh l.bo lovol <>r t.lio 
oijf" t).j ouyvon aro adjantod for tho boot ovorall fit of tho dal.a wboro tho 
theory in oxpootod to apply, The data at a froquonoy oJ' y..U kiln, wIrJcli in 
noor tho iioak lovol, olonoly followu t.ho thoorctioul nljj'' d.| auj-vo ovc^ry- 
whoro. 

At higher frequency the data fail below the uln<' oiu-ve foi- 
t)jl_ 130°. This is probably duu to tho refraction oJ' i.Iks airfoil penoratod 
noise by the Jet shear luyerj rofraetlon in not Included Jn tho theory. 

Any data that is affected by refraction will not bo uuod for oompui'isonn 
to the theory. 

At low frequency faoo Hn) tb?ro apparently in additional noise, above 
the Bin*" 0j_ level, for > 100°. This additional nolGo In not aue to 
residual Jet noise that was not con^leteiy removed iti obtaining the. SHif., 
because all the SHj data at 800 ila were at least 7 dB above the Jet noise, 
Goldstein (ref. 14) indicates that there is a modification in the radiation 
pattern at low frequency that results in additional noise near the exhaust 
for a quadrupole source (e.g. Jet noise) and also for a dipole source (e.g. 
surface noise). This theory accurately explainod low frequency Jet noise 
data (refs, 13 and 14). Therefore, It seems reasonable to assxune it will 
also work well for the low frequency noise from a small chord airfoil which 
has a dipole source. The shape of the radiation pattern that includes this 
additional noise Is described by the more complex second equation on fig- 
ure 6. This equation was derived in reference 14. The radiation pattern 
resxilting from this equation is also shown In figure n along with the sln^ ©i 
radiation pattern. The relative levels of these two I’adlatlon patterns and 
the value of the coefficient (2/3) were selected so that the logarithmic sum 
of the two patterns matched the data. The data appears to show a gradual 
transition from the sin pattern to the second equation as the frequency 
decreases. In any event, this additional noise at low frequency can probably 
be ignored for most practical applications. 

Shape of spectra. - The theory (eq, (5) ) Indicates that the shape of 
the spectra is not a function of polar angle. Figure 7 contains plots of 
the spectra that were measured at several polar angles, 0^^, The data are 
for the nominal 2,5 cm chord airfoil at three peak impingement velocities. 

The SHic plotted have been normalized to the OASIL^j so that the 
collapsed data will clearly show the shape of the spectra. The spectral 
shape does not change systematically with for the lari:^ range of 
0i(3bo < O'l < 130°). Refraction affects the spectral shape for > 130'^. 
Therefore, the theoretical characteristic of unchanging spectral shape is 
verified by the data up to 130°, where the experiment catisfies the re- 
quirements of the theory. The difference between the OAGRL^, and the peak 
of the SHiq spectrum is about 9-1/2 dB for all velocities. 
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Aaoordtnf^ fco ci^Ufttion (U) \,bo nhapo oi' the npQf-’V-ra In oi^y a weak 
function of volooity. Indnoa, tno data and thoovy l*ot.h ludlf.ato that tlic 
nhapc of the npeotra at low voluclty in only nii^htiy ionn ])onKQd than iit 

hif?h voloclty, , . 

ThQ flhapen of the npootra in fi/wo V worn aalouiatod from oquatlon 
for thin airfoil. Tho bm-hulonoo oea3.o lonc'th and ,l 4 npinf!;Qrocint voloolty 
worn nvoluatort at tho pooition of tho airfoU from turhul^onco data mofuiurod 
by Lam'onoo (rof. O) in tho ^Gt of a olroulor nof.alo. 'i'ho lo"cd volouity, 
Vi, of tho theory wan tukori t,o ho tho poak impinf-'.Qiiiont vnlgelty aorann l,.ho 
opan of tho airfoil, v.x«, Tho theory anoumod lDotr(.tj'h' bvu'bulomjo wldlo 
moaouromonts (rof. 8) tiriow that the axial lon/.^th ocolo in twice ao lurc.o 
ttu tho troiacvoroe. Therefore the ocole length could lie anywhere between 
thooe limitB. Tho vidue of tho oeole length uood In the euleulation 
(l^ a 1,Q cm) iB ?0 i« 3 -roent loryor than the value for ly''dj^ reported in 
reference 0, ".'ho magnitude of tho length dcoIg will bo dlneuoood further 

in a nub sequent soot ion. 

The solid ourve is the result from equation (b) ufdng the two dimen- 
sional conqpresBlble response function for while the dashed 

curve is obtained by using the incoii^pressible' Sears function to evaluate 

Mq). The shapes of the spectra fran the cempressible solution agree 
quite well with the data. The incompressible solution does not agree at 
high frequency. The hi(?h frequency port (fa > 1) of the compressible re- 
sponse function solution applies for frequencies above the X noted on 
the curves. The incompressible solution closely agrees with the more com- 
plex Bessel function solution used for < 1* Apparently the Bessel 
funct * ti solution can be replaced by the qually accurate but sittipler in- 
compret ble solution where f^ < 1. But for f „ > 1 the incompressible 
solut ails to match the data. 

Aj. ,nough the agreement at high frequency between the compressible 
theory and the data is quite good, the theoretical result has one feature 
not seen in the data. At about 20 kHz the spectra flattens out. This is 
due to the Fresnel Integral terms in the high frequency part conf>ressible 
response function, which slowly oscillates with frequency. This will be 
discussed further in a later section. 

The theory requires no flow separation off the airfoil. It also 
requires that the flow near the airfoil is uniform in the chordwise direc- 
tion and adequately described by the turbulence spectra used in reference 1, 
Measurements by Boldman (ref. 15), at several locations near the 2.5 cm 
chord straight span airfoils used herein, indicated that these require- 


ments were satisfied. 

At the peak of the spectrum for the highest velocity shown on figure 7 
there were some tones in the data that were removed because they were not ^ 
considered by the theory. Figure 8 contains narrowband spectra at lOO 

for a group of impingement velocities. Tones occur primarily in the I.G kHz 
1/3 octave bond of the data taken at a velocity of 132 m/sec. In this worst 
case, the change in the SHiQ that resulted from tho removal of the tones 
was 3 dB. The tones were much Weaker at higher and lower velocities and in 
the ad;)acent 1/3 octave bands. The frequency of the strong tone did not 
change with angle, and the level of the tone followed the some relationship 
as the broadband noise (sin^ Oi), Therefore, the correction needed to re- 
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movQ thfl tono WftO oonutant for all an(f3,oo, I'ho fifuna ouc'urrfcJ for 

alrfoi-lP with dtfforont ohordn that wore at tho nmnn louainf, odfio looatlori, 

Ovoroll radlatlou pat torn . " Tho radiat.lon yjattorn of ovoraU nulno 
in plottoU on flf^uro U for novoral ji)on,k Implnf'omoni; vol.oaltJnn, Vip, Tho 
thoorotleai radiation pattorn nhapn, nln''* d.j fii.n i.)io d(i,ia at oil voXod- 
tloo qu3.to won. Rouijn from fliawo 7 that rofrantlon only f>.ff(iotod th' 
data at hl^h froquonolon. Tho I31!hp radiation pattorn at tho froquorioy ^f 
th® pook nolno f(sllowo(l oln« %. 'Thoroforo it In not nurprlnlnp. that. Mio 
OAUHjq pattorn, whioJi in dom;l,no.tOil by tho imaf footed poult In doo'-rll.ud 

by thlo pattorn, Tho ohani'io In i.ho OADIL,, with voloOity in dootsrll'od at. 
all by tho voloolty piwor law of tho theory, 

El'foot of non-unlfonii flow Impinf^omont . - Tho ntruifht npan airfoil 
oroBooo the dot (oqo fl(^, I'Ha)) at the center of the mlxiiw’; rop.lon, An <i 
conooqtuenoQ there are rudlul and there foro opunwino velocity and tui’bulom.o 
('rudlentu, Tho theory (otj, (b)) anuumon tho flow In tuilfom ulontj the 
span, Since the Btrai(;ht opan airfoil Imc a non-uniform in^pin'^tinc flow 
the meauured aboolutu level of tlio noitie cannot bo directly compai'od to 
the theory, Howe'.wr, acctirate experiments to dotemine the effect of 
changes in geometry or velocity on the relative noise level cun bo per 
formed. Accurate experiments to meastire the shape of the radiat* ' • • ern 
and the shape of the spectra can also be performed. The ft ' ^ ‘ 1 . . . oxl 

was moved radially 4l cm from the nominal position at the . ....r of the 
mixing region at a fixed Jet velocity. The level varied c.bnut *2 dB but 
the shapes of the spectra and radiation pattern were unchanged from those 
shown on figures 7 and 9. 

Rina airfoil . - A ring airfoil was used (see fig. 2(a)) to experimen- 
tally verify the theoretics*', prediction for the absolute level because the 
velocity and uurbxxlence impinging on this aslxymmetric airfoil are xinlform. 

The location and cross section of the airfoil was the same as for the strai^dit 
span airfoil (see fig. 2(a)). 

Prom the theory, It con be e^qpected that the noise emission from the 
ring airfoil should be very close to the straight span airfoil, except for 
the absolute level. The shape of the OASELq radiation pattern for the ring 
airfoil (data not shown) was exactly the same as. for the straight span air- 
foil, The shape of the spectra for the ring airfoil, is compared at 
to that for the straight airfoil on figure 10, Here too there is no signif- 
icant difference. The theoretical spectra and relative level are coi^pared 
to the data at 90° at three velocities. The agreement is excellent. 

Absolute le'vel . - The prediction of the absolute level of the noise 
was checked with the ring airfoil. This was the only geometxy tested that 
has a unifom impinging flow along the span as required by the theory. The 
ring airfoil was located at the center of the mixing region where all quan- 
tities required by eqxiation (5) are known from reference 0. Based on the 
ring airfoil theory discussion, the span, b, is replaced by half the circum- 
ference of the ring. The measured OABELc is compared to the calculated 
level on figure 11 for the conditions listed on the I'igwe, The excellent 
agreement of tho absolute levels is particularly significant since no em- 
pirical adlustments have been applied to the theory. 

Up to this point it has been shown that Wio basic theory for a small 
chord thin airfoil accurately predicts the total noise emission. The 
experimental limitations proved to be small or of no consequence. The 
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next task io to Oote^roiino how oraall tho alrfoU thloknoDO and ahord must 
bo In order bo satisfy tho aos\jmptions of tho theory. 

Effoot of thloknosB . - Roforonoo 7 indicates that tho hieh froquoncy 
roglon of tho spectra should be affOotod by finite thickness. A thick 
airfoil distorts tho moon flow, which would affect tho spectra above somo 
froquoncy, Tho spectra from two otraieht span airfoils of different thick- 
ness are compared on figure 12. Tho nominal airfoil (thickness, 0,32 cm 
and chord length, 2.5 cm) was compared to on airfoil of 1 cm thlcknosc and 
the same chord length at the same peak impingement velocities, V^p. The 
spectra differ only at high frequency, with the thick airfoil being quieter, 
especially n-t low velocity. The spectra for the thick airfoil deviates 
from the thin airfoil data and the theory, at a thickness to wavelength 
ratio of about 0.1. The Shape of the OASELq radiation pattern for the 
thick airfoil is the same as that for the thinner ncaninal airfoil. Prac- 
tical airfoils are typically thicker than the nominal airfoil, therefore 
thick airfoil theory may have to be used in practice. 


Effect of Chord Length 

The sound emission at 0^ » 90° is not affected by variations in 
retecfded time.- Therefore, equation (5) should be able to predict the 
spectrum and noise level at 90° for an airfoil of any chord length. But 
there is no theory spelled out in reference 1 to predict the spectra at 
other angles^. There is a different theory described in reference 1 to 
predict the radiation pattern for an infinite chord airfcil, where the 
source region is very close to the leading edge relative to the wave- 
length of the noise. 

nvftva.n radiation mttern . - Straight span airfoils of varied chord 
length were run at the same leading edge position, as shown on figure 2(a). 
This inspired that the Inipingement velocities were the same for all chords. 
All the airfoils had the same thickness, 0.32 cm, and the same leading and 
trailing edge shape (see fig. 4a-2). The length of the straight part of 
the airfoil was extended in order to vary the chord from 1 cm to 240 cm. 

The radiation pattern of the overall noise from these airfoils, at 
an iBpingement velocity of 94 m/sec, is plotted on figure 13, The 2,5 cm 
chord airfoil is the nominal small chord airfoil used for figures 5 throu^ 
9. The radiation pattern for the 1 Cm and 2.5 cm chord airfoils are both 
described by the theoretical pattern, sin^ 0^. However the pattern for 
the 10 cm chord airfoil is clearly not described by sin'^ 0^ . Therefore, 

Bo far as the pattern is concerned the 1 and 2,5 cm chord airfoils are 
short enough to be considered to be short chord airfoilsj the 10 cm chord 
is too long. In other words, the small airfoil theory (eq, (5)) is 
applicable at all 0j^ when the transverse turbulence scale length is 
larger than 75 percent of the chord. 

As the chord increases there is a gradual increase in the sotind 
level at large 0i, relative to the sin^ Q± pattern shape. Eventually 

' 2a theory accounting for variations in retarded time that should 
treat other angles has been recently published (ref. 17), 


13 


•i 


I 


\ 


thQ infinlto chord caoo Ifl roaohod, Tho theoroticul radiation pattern 
for tho infinite chord airfoil, nin^ (<3i/8), doscrihao tho ohapo of that 
data fairly woll, Tho chango in tho lovel at % » 90° with chord loncth 
wao colculatod from tho theory, and tho applicablo thooroticol pattern waci 
put throue'l) thoB© polnto (X on fip, 13), Tho relative thooroticol lovolo 
af^rce well with tho data, 

Stjectra at 90°. - The flpoctsa raoasurod at (1| n 90° for thoso varied 
chord airfoils is plotted on figure 14(a;, Notice that the low frequency 
port of tho spectrum moved to lower frequency as the chord increased, Tho 
high frequency part of the spectrum was essentially unchanged us the chord 
increased becuvise at high frequency fluctuating lift is independent of ^ 
dhord. As the chord, increased the spectra becomes less smooth at low fre- 
qviency. The shape of the spectra for the 1 cm Chord is exactly the same 
as for the nominal 2.5 cm chord airfoil. Since there was no change in 
shape, the nominal chord length is clearly small enough to satisfy the 
requirements of the small chord airfoil theory. The 1 cm chord airfoil 
was not taken as the nominal small airfoil because the spectral range of 
the tiseful SELq data is smaller. ^ 

The spectra can be predicted by equation (5) at => 90 , Figure 
14(b) coni'-ains the predicted spectra for the chord lengths involved in 
figure 14(a). The overall trends in the analytical res\olts are clearly 
the same as the data. The transverse t\jrbulence scale length (ly » 1.9 cm) 
used in figures 7 and 10 for the 2.5 cm chord length was also used in this 
calculation. If the scale length were allowed to increase with chord 
length, the agreement with the data would be much better for all chord 
lengths . 

The velocity of the jet flow along these airfoils did not noticeably 
decay for the 10 cm long or shorter chord airfoils. The peak velocity 
decayed about 16 percent for the 61 cm chord airfoil. For the 240 cm -hord 
ihsignifioaht-'noiBfe is^generatfed at' thb trailing edge because the decay 
was 60 percent. Theory indicates that the source remains near the leading 
edge as the chord increases. Therefore the fact that there is decay is not 
inconsistent with the assumptions of-the theobyj It simply permits a very 
large bu^ finite chord to be considered to be infinite except for small, f. 

The following are a few points of interest about the theoretical ve~ 
suits. The X symbols on the curves are where fj^ » 1. For higher fre- 
quencies than indicated by the X, the high frequency compressible solution 
with Fresnel integrals must be usedj for lower frequencies, the simple 
Incompressible solution is just as accurate as the low frequency compress- 
ible solution. The dips and peaks, which occur in the high frequency com- 
pressible solution region, are due to oscillations in the Fresnel integral 
terms. The data for the large chord airfoils also show this characteris- 
tic, but the frequencies of the dips and peaks do not quite agree. Because 
of Fresnel integral oscillations, there may be a difference between cal- 
culating the SH» at the center frequency of the band or calculating an 
average value over the 1/3 octave band as done herein. The single calcu- 
lation caused an error of no more than 1 dB at a few frequencies. 

The "Noise Component Method" (e.g. refs. 9, 15, 18, and 19) uses the 
analytical descriptions of the noise from the simple surfaces shown in 
figure 1. These are added together as independent noise sources with 
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emplriool aoeffloiontfl in ord&r to dosoribo the noino from complex aurfaaoo. 
The email and infinite chord airfoils are two such efjrapononta. But the re- 
BXilta juat prooentod showed a gradual transition as the chord incroased. 

The analytical model, developed for the small chord airfoil, can also be 
used to describe the spectra at 9Qo for all chord lengths. This modol has 
a lift fluctuation between the semi-infinite to l.ho infinite board as 
Lo -► « (see fig, 1(c)), This discussion does not invalidate the very use- 
ful Noise Component Method but rather it suggests some modifications are 
needed. 

Infinite chord airfoil . - The 245 cm chord airfoil is considered to 
be essentially infinite for the following two reasons. The theoretical 
curves for chord lengths of 61 and 245 cm indicate that the noise is no 
longer changing significantly with chord length. Secondly, the velocity 
coming off the trailing edge was so low that any noise generated there 
covild be neglected. 

Spectra at several angles for the 245 cm chord airfoil are plotted on 
figure 15(a) for an impingement velocity of 94 m/sec. As 0. increases 
the spectra become very much more peaked. Notice also that these free 
field spectra are not even approximately smooth. 

Figure 15(b) contains the SHjq radiation pattern at a number of fre- 
quencies. The peak noise occurs near 630 Hz, The theoretical radiation 
pattern at a constant frequency is described by sin2 (0^/2). This theo- 
retical relationship describes the data on figure 15(b) at high frequency, 
where the source would tend to be close to the leading edge. This pattern 
does not accurately describe the data at low frequency (e.g. 630 Hz, where 
the peak noise occurs). At high frequency there is evidence of some re- 
fraction by the jet shear layer. 

The overall radiation pattern, OASH)Q(0j[), is plotted on figure 16(a) 
for several velocities. The theoretical pattern, sin2 (Oj^/2), fits the 
low velocity data quite well. But as the velocity Increases the discrep- 
ancy becomes more pronounced, due to the peaked spectra. Notice that the 
velocity power law of the data is Vf*° for 0^ < I20o, and about Vf 
for larger 0^. Theory indicates the QASHL^ power law should be vf,^ 

Bound pressure level spectra at 90° are plotted on figure I6(b7. 

These are for the infinite chord airfoil at several velocities. The theo- 
retical spectra and relative levels closely agree with the data. In order 
to achieve this agreement a transverse scale length of ly o 3,2 cm was 
used. In figure 14(b) a value of iy = 1,9 cm was used for i chord 
lengths but the agreement at low frequency needed improvement. If a scale 
length that increases with chord length had been used for figure 14(b), the 
agreement, would have been improved for all chord lengths. The canpressible 
solution was used for figure 16(b). The incompressible solution was not used 
because it failed completely. 

On a constant Stro^^ number basis the theory predicted a change in 
level described by a power law at all frequencies. But as shown on 

figure 16(b) the data indicate the power law is higher at high frequency. 

At angles closer to the exhaust axis (e.g. 0. > 120°) the power law at 
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all freauQncies I 0 vl„. As mentioned In tho analyslB section, this may 
be because the quadrupEle terra of equation (1) is no longer ncgllgiblo. 


Supplen©ntary Experiments 

Most of the experiments that follow were performed with the perfor- 
ated plate nozzle (fig. 3(b)). The airstream from this nozzle was tur- 
bulent and straight span surfaces vjero mounted across the jet on the noz- 
zle centerline. The leading edge of the test airfoils and cylinders were 
all- placed 7.6 cm downstream of the nozzle. Measurements had been mde ol 
the axial turbulence and velocity at this position (ref. 15). The flow 
was not uniform. The shape of the turbulence spectra was about the s^ 
as for the circular nozzle experiment and the length scale was about 1/ 
as large. Since the transverse turbulence was not measured the acoustic 
data can only be used to Show changes in the noise level and spectra 
caused by changes in s\arface geometry at fixed velocity. And the shape 
of the radiation pattern can be compared to theory. 

Seuarstion of airfoil noise sources . - Experiments were run to 
separate the noise generated in several areas of a large chord airfoil. 
This was done by using a very long chord airfoil to eliminate trailing 
edge noise, and airfoils with no leading edge to eliminate that source. 

A very long plate with no leading edge can only generate noise from the 
boundary layer flow over the stir face. 

The FWLc measured for these geometries at the same velocity is 
plotted on figure 17(a). All airfoils were smooth and of the saiM thick- 
ness (1 cm) and shape. The peak velocity at x = 7.6 cm was 115 m/sec. 
The effective power spectra level at cp = 0°, IWLc> used for this 
comparison because the polar distribution of the noise varies with the 

S'urface 1 used a very long chord airfoil" (245 cm long). The rounded 
le ttdi ng edge was removed ajnd sealed against the perforated plate (fig, . 
4(a-4)) such that there could be no leading edge noise. The only noise 
source left was the turbulent boundary layer flow over the long airfoil 
sxirface. The resulting noise, as indicated in figure 17(a) was buried 
somewhere in the jet noise,, and well below the levels for the other 
sources. Boundary layer noise (BL) can be effectively neglected in the 

subsequent conq>arisons in figure 17, 

For surface 2 the roxxnded leading edge vas installed and moved to 
a position 7.6 cm downstream from the nozzle. This sxirface should only 
have leading edge (LE) noise. The spectrum is strictly high frequency 
noise. This result is expected since the theory indicates the so'^ce is 
near the leading edge where the velocity is the highest' and thfe tbrbu- • 
lence scale the smallest. The overall radiation pattern, OASHicN^^i./* 
shown on figure 17(b). The maximum level occurs in the infinite direc- 
tion of the plate, which is consistent with the theory. 

Surface 6 has no leading edge and the plate has been shortened to 
45 cm so that the velocity at the trailing is relatively high. There- 
fore this configuration only generates trailing edge (TE) noise and 
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tho spoctnim (fig. 17(a)) containo raootly low froquenoy nolno. <mio ro- 

aSt 10 olaply explained relative to aurface 2. At tho trailing edge courac 

iSatlon the turbiaence aoalo ie larger, due to tho boundary layer 

the velocity ia lower. The theoretical pattern I'or an l.iflnlte 

peak in the infinite direction of tto plate (i.e., sraall ©i). Iho pattern 

for surface 3, which is not as long as surface 2, approaches that ^^ult. 

Surface 4 has both leading and trailing edge noise sources, ihe load- 
ing and trailing edges are well separated so that those sournoo can bo <Jon- 
sidered to be independent. The leading and trailing cd(^e velocitien 

that were measured indicated they vere the same as those for sui^facec 2 
and 3 respectively. The leading edge noise of surface 2 and the independent 
trailing edge noise of surface 3 should add to equal the noise measured 
for surface 4. The spectra and radiation pattern data plotted on figures 
17(a) and 17(b) show that this is indeed the case. The same results and 
trends occurred for data taken at higher velocities. ^ 

Surface 5 is an airfoil with a smaller chord. The leading and trail- 
ing edges are too close for the sources there to be considered to be in- 
dependent. Nevertheless a comparison of results is of qualitative yalue. 

The leading edge source would be essentially the same as before, but be- 
eause the chord is small, the trailing edge source is now affected by a 
higher velocity and smaUer turbulence scale length. Therefore the trail- 
ing edge region would be expected to generate high frequency noise, rouglily 
equivalent to the leading edge noise. Fig\ire 17(a) indicates that tMs 
description is reasonable. The airfoil used was the thick airfoil that was 
used with the circular nozzle (fig. 12). The turbulence scale len^h is 
»m«nPY. here than it was with the circular nozzle. Therefore the 2.b m 
chord airfoil can no longer V'C considered to be small as it was ^-i-th the 
circular nozzle. Consequently it is not surprising that the radiation 
pattern for this surface (surface 5) is not described by the theoretical 

pattern for the small chord airfoil (sin*^ 6i). 

Other effects. - Noise data were also obtained for the 1 cm thick, 

2.5 cm chord airfoil in two azimuthal planes (cp = 0° and rp = 80) in 
order to look for other effects beside fluctuatin, lift noise. These data 
are shown in figure 10. In the formulation of the theory for a thin sm^l 
chord airfoil, any noise caused by thickness, non-compactness, and fluctu- 
ating drag was neglected. The fluctuating lift radiation pattern for the 
overall noise is given by sin2 9 ^. At increased values of fp the sin^ di 
pattern shape wiU decrease in^ level unifomly, approximately according to 
cos2 cp. At (P e 80° the sin^ 8^ pattern will decrease 15 dB if there ^ 
is no drag dipole, source non-compactness or thickness effects. The ly c 
ratio for this airfoil is too small to have the sin- pattern of u 
small airfoil. Nevertheless it is clear from ili^c 10 that the pattern 
at ffl a 0° dropped 15 dB almost uniformly. Therefore these other eiiectc 
are apparently very weak even for this relatively thick airfoil, iherc 
was also no evidence of these other effects with the thick and thin, small 
or Infinite chord airfoils tested previously (e.g. figs. 13 or 17;. On 
the other a strong drag dipole was observed at cp « 90 tor the air- 

foil used in experiments reported in reference 20. 
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Effoot of angle of attaok . - There is no angle of afctaoK torro in 
equation (6). The effective power epectrijra for an 8,9 era chord \moyra- 
metrical airfoil is hhown on figure 19 for sevoral angles of attack, Tho 
noise did not increase at 10°| and increased by no more than 1 dh ^til 
tho angle of attack increased beyond 20^. Consequently, equation (b) is 
valid up to a IQO angle of attack. At an anglo of attack of 40° there was 
large scale llow. separation, Tho radiation pattern of the overall noise 
in the ffi a 0° plane increased 1 dB uniformly at each angle in going from 
a 0° to 20° angle of attack. The same insensitivity occurred with the 
nominal airfoil at a 10° angle of attack (i,e. the results were the 

same as for fig, 7), , ^ , u ^ 4 ^ 4 i , 

Effect of roughness and shape , - A series of long chord airfoils 

(45 cm chord length) wore placed 7,6 cm downstream of the perforated plate 
nozzle. The noise emission from each was compared at the same ijeak im- 
pingement velocity, V 4 . These geometries, which are shown on figure 20, 
are similar to engine Exhaust duct acoustic splitters. Configuration A 
is the same as surface 4 in figure 17, This reference surface .has higli 
frequency leading edge noise and low frequency trailing edge noise. The 
group of A configurations will show the effect of surface roughness on 
the noise generation. The flat surface roughness is varied from smooth 
to rough without changing the dimensions of the airfoil. The smooth sur- 
face (configuration A) was first replaced by an 8 percent perforated plate 
glued to a solid wood core (configuration A-1), The noise remained un- 
changed, Then a coarse perforated plate was substituted (configui*atxon A-2). 
There was a 2 dB reduction in the noise at low frequency. Apparently the 


boxindary layer flow over this rough boundary affected the trailing edge 
noise (low frequency) generation. The trailing edge of the smooth airfoil 
(a) Was removed, resulting in configuration B. The noise was reduced close 
to 4 dB at low frequency because the trailing edge noise generation was 
affected. A thick airfoil, airfoil C (2.5 cm thick), was also substituted 
for airfoil A (1 cm thick); the noise was reduced about 4 dB for the same 
reason. There was additional tone-like noise at 12.5 kHz for the A-2 
sxirface; the Strouhal number of the tone was .about 0.2 based on the diameter 


of the holes. 

varied diameter, d, were 
of 172 m/Sec, The lead- 
from the nozzle, as shown 
in'the'sketch on figure 21. The diameter of the cylinders ranged from 
0.31 cm to 6.2 cm, corresponding to a Reynolds number range of 1,6x104 to 
2.5x10^, The effective power spectra at (p ta 0°, FWLJ., for these cylinders 
is plotted on figure 21(a) . The shape the spectra varied from tone-like 
for the 0.31 cm and 0,63 cm diameter cylinders to broadband for the 2.5 cm 
and 5.2 cm cylinders. Narrowband spectra, taken for the 0.63 cm and 2.5 cm 
cylinders, further verified this observation. The Stro\ihal nxanber (see 
table on fig. 21(a)) was 0.18 for the small cylinders with the relatively 
narrowband spectra (Reynolds number < 5x10^). The Stiouhal nmber in- 
creased for larger cylinders indicating that ^ diameter was no longer the 
proper characteristic size, Turbxaence measiirements in the wake of cylin- 
ders were described in reference 16. The same type of spectra transition 
and Strouhal number were noted in the turbulence data at these Reynolds 
numbers. Apparently the eddies in the wake of the small cylinders ore highly 
correlated, producing a periodic lift force and therefore periodic noise 


Circular cylinders . - Circular cylinders of 
run at a constant peak impingement velocity, V^p, 
ine edge for all cylinders was 7.6 cm downstream 
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(iieollan tonefi). When tho dlomotor was lareo tho I’low otructuro in tUo 
wokQ bocomos more random and tho noise produced wao broadband, 

Tho obape of the OASHjq radiation pattern for all thono eyllndoro 
did not ohanRe with volocity, and the noloe followed a V| power law. 

The smalleot cylinder (0,31 cm diameter) produced very hiRh frequency 
noise, which was noticeably refracted near the exhaust. Tho OASELg radi- 
ation pattern for tho other cylinders was not affected, Tho shajxs of the 
radiation pattern was tho same for the 0,63, 1,28 and 2.5 cm diameter cy- 
linders, Those cylinders had the fluctuating lift radiation pattern 
(sin^ 0^) at q> n 0® as shown on flgxire 21(b), A oimilax experiment was 
performed with a 2.5 cm diameter cylinder formed as a riny (10 cm diameter 
toroid downstream of the 10 cm circvilar nozzle). These results wore also 
described by a Sin*'^, 0^ pattern. On the other hand the largest cylinder 
(5,2 cm diameter) had a pattern that was more like a large chord airfoil 
(i.e. peak between 9^ » 120° and 1G0°), Perhaps at that diameter the 
source is no longer compact, or thickness effects have become strong. 

Figure 21(b) also contains the radiation pattern for the 0.63 and 
2,5 cm cylinders at cp es 85°, The sin*^ 0^^ pattern that applies at 
(p = 0® did not uniformly drop 21 dB in level as required by theory 
(approximately cos^ cp). Therefore, additional effects, such as soxirce 
non-coD 5 )actness, thictaiess effects and/or a drag dipole source should be 
considered, 

Fffect of cross sectional shane . - The PWL*, spectra at cp « 0° for 
a number of cylinders of varied cross section are compared on figure 22, 
These are con^ared at the same impingement position, velocity, and thick- 
ness. The bodies with the blvint trailing edges ai-e the quietest overall. 
The three bodies with flow separation have comparable noise levels at high 
frequency, where the airfoil is quieter. 


SUMMARY 

The following summarizes the acoustic restilts of a comparison of 
theories euid experimental data concerned with surfaces immersed in tur- 
btilent flow from a jet: 

1. The experimental apparatus produced acoustic data that permitted 
an accurate comparison with available small airfoil analyses over a large 
spatial (0j^, cp) and spectral range, for a range of parameters, including: 
flow, chord length, thickness, angle of attack and chape. 

2. Small airfoil theory (compressible) acCvirately predicts the complete 
noise emission (absolute level,, spectra, and radiation pattern) provided; 

(a) the transverse ' turb\ilence scale length is larger than about 
Y6 percent of the chord length, 

(b) the angle of attack is less than about 10®, and 

(c) the airfoil thickness to wavelength ratio is less than 

about 0.1. 

3. This theory also accurately predicts the relative level and spectra 
for large chord airfoils at 0jj^ a 90°, cp = 0°, 

4. The shape of the OASRLc pattern for the infinite chord airfoil is 
adequately predicted by another theory, except at the location of the peak 
noise for high velocity. 


5, The noise aourcoo at the loading odgo, trailing edge and In tbo 
bounda*y layor flow of a long ehord airfoil wore approxlinatcily eoparatod 
in a Binglo experiment. The tronda in the data wore in agreement with thn 
theory, 

6, Sourco non-compaetneafl, thieknoos effects, or a drag dipole arc 
evident in the data taken near the q) ■ 90° plane for the cylindero 
tested. These are negligible for thin airfoils of any chord. 

7, The effect of airfoil and strut shape and size on the noise was 
shown. Moot effects were small; generally blunt trailing ed(.'os were 
quieter, 

SYMBOLS 

b- effective span of airfoil in the flow, m 

c chord length of airfoil, m 

Cq ambient speed of sound, m/sec 

d thickness of surface normal to flow, m 

djj nozzle diameter, m 

f frequency or center frequency of third octave band, Hz 

f^ « (fc/co)/(l - ^4) 

^1>^2»% functions defined by equation (5) 

p 

Iqj intensity at a given oo, w/m 

lyj intensity at cn = 2irf , averaged over 1/3 octave band, w/m^ 

ly transverse scale length defined in reference 8, m 

»0 V°o- 

OASHjq overall sound pressvire level from SELc data, dB 

sound power level calculated from SHj^, data (axlsymmetric 
noise )^j1B 

IWLJ; sound power level from SHjc data at cp (non-eoci symmetric), dB 

r radial distance from nozzle centerline, m 

R microphone radius, m 

sound pressure level, dB 


SH, 



20 


315.0 


. m 4 Qf Burfaee nolno only (1.6. Jot nolso, atrooephorle attenu- 
ation, toneo and back^ound noioo removod), dB 


g (o M )|^ abooluto voluQ B^uarod of tho two diinOnBional GomproealblO 
^ rosponBO function defined in rof&renc© 1 


T, 


environment temperature, ®G 


T 

J^/^i 

Vi 

^ip 

X 

T 

a© 


Pq 

«P 

(0 

V 


period, sec 

transverse turbulence intensity 

impingement velocity (unifonn flow), m/sec 

peak Impingement velocity ( non -uni f o3?m.. .f l ow ) , m/sec 

axial location of leading edge of surface from nozzle exit, m 

time 

a 2 Zy/c 

angle of attack, deg. 

polar angle, measured from inlet to microphone, deg, 
ambient density, kg/m® 

azimuthal angle of microphone plane from plane perpendicular 
to plane of surface and through centerline, deg, 

= Sirf 

e axi/SVi = irfc/Vj^ 

2 , 

kinematic viscosity, m /sec 
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Figure 3. - Flow syetem, test airfoil and microphone setup. 
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Figure 4 - Cross sections of the surlaeas tested. 
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Figures. - Smoothed contour plot of nolle emission, SPL<0.8|>. from small chord airfoil. Chord, 
c, ZScmt peak Impingament velocity, Vu, 94m/sect azimuthal angle. g>, 0P| free field lossless 
(ARP 8661 data takeo.on A 6 nuadlus; angle for OASPL (ref. It 8| • W. 
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Figured. • Shape of radiation pattern at several frequencies. Chord, c, 2. S cm; Impingement velocity 
Vi«, 94 mfSect azimuthal angle, v>, oPt free field lossless data. 
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Figure 19. • Effect of eirfoll engle of attack on 
noise. Peak Impingement velocity, Vi>, 

172 ffl/sec; airfoil chord, c, & 9 cmt thick* 
ness, d, 1 9 cm; azimuthal angle, <p, 0P| 
lossless data corrected to free Held. 
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